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The question of how, and how fast, magnetization can be reversed is a topic of great practical 
interest for the manipulation and storage of magnetic information. It is generally accepted 
that magnetization reversal should be driven by a stimulus represented by time-non-invariant 
vectors such as a magnetic field, spin-polarized electric current, or cross-product of two 
oscillating electric fields. However, until now it has been generally assumed that heating alone, 
not represented as a vector at all, cannot result in a deterministic reversal of magnetization, 
although it may assist this process. Here we show numerically and demonstrate experimentally 
a novel mechanism of deterministic magnetization reversal in a ferrimagnet driven by an 
ultrafast heating of the medium resulting from the absorption of a sub-picosecond laser pulse 
without the presence of a magnetic field. 
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T
he fundamental limit of the speed of magnetization reversal 
is currently a topic of great interest, particularly for the mag-
netic storage industry1. It is generally accepted that mag-
netization reversal must be driven by a directional stimulus. Even 
the possibility to control the magnetic order parameter with the 
help of a time-invariant vector, for example, by an electric ield, 
has recently become a subject of debate2,3. Previously, it has been 
assumed that heat can act only to assist magnetization reversal. Such 
thermally assisted magnetic recording in an external magnetic ield 
is one of the most promising ways to enable recording of informa-
tion at unprecedentedly high densities above 1 Tb/inch2 (ref. 4). 
his technology employs the efect of a laser-induced increase in 
the thermal energy of a magnetic medium in an external magnetic 
ield. he necessity for the laser heating results from the large values 
of anisotropy required for thermal stability in recording media with 
small grain sizes, which are necessary to achieve the required signal 
to noise ratio at storage densities beyond 1 Tb/inch2. Such large ani-
sotropy values result in switching ields greater than the write ields 
available from current technology and the laser heating is used to 
produce a transient reduction in the anisotropy value to writable 
levels. Recent developments in near-ield optics even allow laser-
induced heating with extremely high precision below the difraction 
limit5. he thermal assist brings the magnetic material into a state 
with an increased magnetic susceptibility, but the actual magnetiza-
tion reversal and recording is driven by the simultaneously applied 
external magnetic ield.
In recent years, owing to an increased interest in ferrimag-
netic materials, there have been a number of studies of ultrafast 
magnetic switching based on increasing the temperature of a ferri-
magnetic material over its magnetic compensation point with the 
help of a short laser pulse6–8. hese studies demonstrated a strongly 
increased magnetic susceptibility followed by thermally assisted 
magnetization reversal in an external magnetic ield. Such an 
increased susceptibility could not be deined in terms of equilib-
rium thermodynamics. Very recently, it has been discovered that 
such a thermal-energy increase of a ferrimagnet over the compen-
sation point brings the system into a strongly non-equilibrium, 
transient ferromagnetic-like state9. his raises the question of what 
is the actual magnetic susceptibility of this novel non-equilibrium 
state and what is the minimum external magnetic ield required to 
trigger magnetization reversal? Aiming to answer these questions, 
we arrived at the counterintuitive and very intriguing conclusion 
that magnetization reversal could be achieved without any mag-
netic ield, using an ultrafast thermal energy load alone. Intuitively, 
this conclusion seems to be contradicting since it is not clear how a 
thermal-energy increase, that is not a vector quantity, can result in 
a deterministic reversal of a vector. Nevertheless, if a novel mecha-
nism of magnetic recording by ultrafast thermal energy load alone 
were possible, it would open up the possibility to combine Tb/inch2, 
densities with THz writing rates, while using much less power 
because it would not require the application of a magnetic ield.
To verify the feasibility of such a hypothetical magnetization 
reversal scenario, we performed atomistic scale modelling of laser-
induced spin dynamics in a Heisenberg Gd–Fe ferrimagnet. he 
numerical results support the above conjecture. Speciically, it is 
demonstrated that magnetization can be reversed ater the applica-
tion of femtosecond laser pulses that increase the temperature of 
the thermal bath very rapidly in the absence of an applied ield. he 
rapid transfer of thermal energy into the spin system leads to switch-
ing of the magnetization within a few picoseconds. Importantly for 
technological applications, we show, numerically and experimen-
tally, that this type of switching can occur when starting at room 
temperature. he simulations show that such a switching process 
proceeds with such impetus that even an opposing 40 T ield is not 
able to prevent the magnetization from reversing on a short times-
cale. his switching mechanism has been experimentally veriied 
in isolated in-plane and out-of-plane microstructures of GdFeCo 
under the action of a sequence of linearly polarized laser pulses. 
A further set of experiments showing the importance of the heat 
generation is presented, whereby we show, using circularly polar-
ized laser pulses that this switching occurs independently of polari-
zation and initial state in thin ilms of GdFeCo.
Results
Atomistic modelling of sub-picosecond switching without a ield. 
In the atomistic model, we incorporate the rapid change in thermal 
energy of a system under the inluence of a femtosecond laser pulse, 
and include the antiferromagnetic exchange interaction between 
the two magnetic sublattices. he atomistic spins are coupled to 
the temperature of the electron thermal bath10–11, the temporal 
evolution of which is calculated using the two temperature model12. 
he electronic thermal bath is coupled to that of the phonons, 
whereby thermal energy is removed from the electronic system 
on the picosecond timescale. he phonon thermal bath is also 
coupled to an external bath of constant temperature at 300 K that is 
above the compensation point of the simulated alloy. his thermal 
bath equilibrates the temperature back to its starting value on the 
nanosecond timescale. he action of a femtosecond laser pulse in the 
simulation results in a rapid change in the electronic temperature, to 
which we couple the spin system. Figure 1a shows how the electronic 
temperature varies with time during the action of 5 successive Gaussian 
thermal pulses with a temporal width of 50 fs each. We have simulated 
the collective response of the spins in the ferrimagnet Gd–Fe to an 
ultrafast linearly-polarized pulse. Figure 1b shows the z component 
of the magnetization for the individual Fe and Gd sublattices. Figure 
1c shows the z component of the net magnetization. he results 
clearly show that the magnetic order parameter of the ferrimagnet is 
switched every time a pulse is applied to the system without the need 
for the application of a magnetic ield.
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Figure 1 | Computed ultrafast thermally induced switching dynamics. 
(a) Evolution of the temperature of the electronic thermal bath during a 
sequence of 5 Gaussian pulses. (b) Computed time-resolved dynamics 
of the z-component of the magnetizations of Fe and Gd sublattices; Gd is 
represented by the solid red line and the Fe by the dashed blue line. The 
net magnetization is shown in (c). A spike in the temporal behaviour of the 
total magnetization during the excitation is due to different dynamics of the 
magnetizations of the Fe and Gd sublattices as reported in (ref. 9).
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he timescale for this switching indicates that this phenomenon 
cannot be explained in terms of what is currently known for the 
timescale of the spin–orbit interaction and thus must be driven by 
the exchange interactions in the spin system. To this end we have 
also performed numerical calculations to gauge the strength of this 
reversal mechanism. Figure 2 shows the simulated time-resolved 
magnetization dynamics for the Fe and Gd sublattices while an 
opposing ield was applied to prevent reversal of the Fe sublattice 
against the exchange interaction from the Gd sublattice. he criti-
cal strength of applied ield was calculated to be dependent on the 
system properties and the intensity of the laser pulse. Figure 2a–c 
shows the magnetization dynamics of the individual sublattices in 
an opposing 10, 40 and 50 T applied ield, respectively. As Figure 2b 
shows, a ield of 40 T is still insuicient to prevent the reversal.
Experimental veriication in thin ilms of GdFeCo. We have 
experimentally veriied this switching mechanism by studying the 
response of ferrimagnetic Gd24Fe66.5Co9.5 to the action of 100 fs 
laser pulses, with an experimental setup similar to that described 
elsewhere13. he small amount of Co (9.5%) is added to control the 
perpendicular anisotropy of the ilm. In the experiments, the alloy 
was excited with several 100 fs laser pulses, and the inal magnetic 
state was recorded using a magneto-optical microscope, which is 
sensitive to the out-of-plane orientation of the FeCo sublattice via 
the magneto-optical Faraday efect. Here we detect the direction of 
the FeCo magnetization in the steady state, long ater the excita-
tion event, so that the Gd and FeCo magnetizations are anti-parallel. 
Figure 3 shows the result of the action of a sequence of laser pulses on 
the continuous ilm of Gd24Fe66.5Co9.5, initially in a single domain 
state with magnetization perpendicular to the sample surface. In this 
igure, light grey areas correspond to domains magnetized ‘down’ 
(Fig. 3a), whereas dark grey areas correspond to the domains mag-
netized ‘up’ (Fig. 3b). Looking at the Fig. 3c, ater excitation of the 
light-grey region with the very irst pulse, one can see the formation 
of a dark-grey domain. he second pulse then reverses the mag-
netization of the excited area forming a light grey domain. Every 
such pulse thereater triggers this reversal. he opposite is seen in 
Figure 3d, beginning in the opposite state. he experimental observa-
tions are in excellent agreement with the switching predicted by the 
atomistic simulations, where every pulsed excitation should trigger 
the magnetization reversal.
It is important to note that the observed sequence of switch-
ing occurs independently of the polarization of the laser pulses, as 
shown in Supplementary Figure S1a,b. he observed magnetization 
switching that occurs independently of the initial state of the mag-
netization and light polarization eliminates an explanation via the 
involvement of the time-non-invariant and light-induced efective 
ield HIFE~E×E
*, which results from the inverse Faraday efect14. 
We have found that this laser-induced switching is observed for 
pump luences just above the window of luences required for all-
optical helicity-dependent switching reported in ref. 13, where 
control of the magnetization orientation requires the presence of 
a light-induced efective ield HIFE. In fact, in the present experi-
ment, the all-optical helicity-dependent reversal is responsible for 
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Figure 2 | Computed time-resolved dynamics of the z-component of the 
Fe and Gd sublattice from localized atomistic spin model. (a–c) Dynamics 
of the Fe (blue dashed lines) and Gd (red solid lines) sublattice with 
applied fields of 10, 40 and 50 T, respectively, to prevent reversal of the Fe 
sublattice. The system is initially in the anti-parallel ground state at 0 K and 
a Gaussian laser pulse is applied driving the system into a non-equilibrium 
state whereby the sublattices attempt to align against the exchange 
interaction and the applied field.
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Figure 3 | The magneto-optical images of a Gd24Fe66.5Co9.5 continuous film obtained after the action of a sequence of N 100 fs laser pulses. (a) and 
(b) Initial homogeneously magnetized state of the film with magnetizations ‘up’ and ‘down’ as represented by the circled dot and cross respectively. The 
light grey region represents magnetization pointing ‘down’ and the darker grey ‘up’. (c) and (d) The film after an excitation with N (N = 1, 2…5) pulses with 
a fluence of 2.30 mJ cm − 2. Each laser pulse excites the same circular region of the film and reverses the magnetization within it. The scale bar on the right 
corresponds to 20 µm.
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the thin rim with switched magnetization observed ater each even 
laser pulse (Fig. 3; Supplementary Figs S1a,b and S2). herefore, our 
experimental results demonstrate that excitation of ferrimagnetic 
GdFeCo with a suicient intensity always results in magnetization 
reversal, independent of the polarization of the laser pulse. he 
experiments were carried out at room temperature (300 K), while 
the magnetization compensation temperature for the given alloy 
is 280 K. his excludes an explanation of the reversal as a result of 
a temperature increase through the compensation point8. his 
observation is supported by the numerical model (Supplementary 
Fig. S3) and discussed further in the Supplementary Methods section 
(Supplementary Fig. S2).
Experimental veriication in lithographically patterned media. 
One may argue that this helicity-independent, all optical magnetiza-
tion reversal is not necessarily driven by heating alone, as predicted 
by the atomistic simulations, but rather a switching driven by the 
interplay of heat with stray ields and/or domain walls created in the 
region surrounding the illuminated area15. To exclude the possibility 
of such artefacts, arrays of 2 µm diameter disks of Gd25Fe65.6Co9.4 
were fabricated. he size was chosen so that the structures are much 
smaller than the laser spot size of about 30×100 µm (full-width at half-
maximum) and so that several structures can be investigated simulta-
neously within the same ield of view of the microscope and excited 
by the very same laser pulse. he distance between the structures is as 
large as their diameter, thereby reducing dipolar interactions between 
them to a negligible degree. No correlations between the magnetiza-
tion directions of neighbouring structures were observed.
he magnetization direction in these microstructures was 
measured with a photoemission electron microscope (PEEM) 
employing the X-ray magnetic circular dichroism (XMCD) efect.
First, structures with an out-of-plane anisotropy, similar to the 
continuous ilm above, were studied and XMCD images recorded 
at the Fe L3 edge (708 eV) are shown in Fig. 4a. Displayed are two 
microstructures, one with dark grey and one with a light grey con-
trast, which correspond to magnetizations pointing in opposite 
directions, that is, up and down, respectively, out of the sample 
plane. Starting from the initial state (Fig. 4a), we applied a series 
of linearly polarized femtosecond laser pulses. Ater the irst sin-
gle pulse, the contrast is simultaneously reversed in both structures, 
meaning that the magnetization has switched relative to the initial 
state. his magnetization reversal occurs ater every subsequent sin-
gle laser pulse. With the same laser pulse the magnetization in one 
structure is switched from up to down while in the other structure it 
is switched from down to up. In the simulations, the reversal occurs 
regardless of the strength of the uniaxial anisotropy (for anisotropy 
ields within reasonable limits) and regardless of whether the ani-
sotropy is in-plane or out-of-plane. We have, therefore, also investi-
gated in-plane magnetized microstructures. he XMCD images are 
shown in Fig. 4b with the bright and dark contrast corresponding 
to opposite in-plane magnetization directions. he contrast in both 
structures reverses ater every laser pulse, meaning that the mag-
netization switches every time the micro-structures are excited with 
a single laser pulse. Again, structures with opposite magnetization 
directions reverse simultaneously. We point out that the structures 
are in an as-grown state and that they are not coupled to each other 
by stray ields. We do observe the switching also for neighbouring 
structures pointing in the same direction regardless of whether the 
sample was demagnetized or magnetized before the measurement. 
All these experiments thus demonstrate that the ultrafast thermal 
energy increase created by a laser pulse of any polarization induces 
a deterministic switching of the magnetization, without the need for 
any other external stimulus.
Discussion
he scenario of the reversal can be understood as follows. An 
ultrashort laser pulse increases the thermal energy of the electronic 
system in metallic GdFeCo, creating a thermal bath for spins with a 
temperature much higher than the Curie point. he rapid increase 
in thermal energy of the system leads to a very fast energy trans-
fer into the spin system. his results in the Fe and Gd sublattices 
demagnetizing on very diferent timescales mainly because of the 
difering magnetic moments. In the background of these proc-
esses, the temperature of the electronic system rapidly decreases 
as a result of electron–phonon interaction, and, ater less than 1 ps, 
the temperature is below the Curie temperature. Ater this initial 
sharp increase of the temperature of the electronic heat bath, the 
magnetization of the sublattices is still changing due to exchange 
relaxation16. he non-equivalence of the sublattices combined 
with the exchange relaxation means that the Fe reaches zero mag-
netization before that of Gd, eventually leading to the onset of the 
ferromagnetic-like state where the two sublattices align parallel, 
O
ut
-o
f-p
la
ne
In
-p
la
ne
a
b
Figure 4 | XMCD images at Fe L3 edge of 2 µm wide Gd25Fe65.6Co9.4 structures. (a) Images of microstructures with out-of-plane anisotropy, magnetized 
perpendicular to the sample plane. The first image in (a) shows the initial state of the microstructures where the magnetization of the darker structure 
points down while the magnetization of the brighter one points up. The next image is taken after excitation with a single linearly polarized laser pulse and 
shows that the magnetizations of both elements are reversed. This reversal occurs after every laser pulse, as can be seen in the subsequent images in 
(a). (b) Images of microstructures with in-plane anisotropy. The bright and dark areas correspond to magnetization directions in the plane of the sample 
pointing parallel or anti-parallel to the X-ray direction. The subsequent images are taken after each excitation with a single linearly polarized laser pulse 
demonstrating the reversal of the magnetization. The X-ray direction is indicated by an arrow and the structures have a size of 2 micrometers.
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observed in ref. 9. he magnetization of the Fe sublattice is then 
increasing while the Gd is decreasing because of the exchange relax-
ation. As the antiferromagnetic exchange from the Gd is weaker 
than the ferromagnetic ordering in Fe, the Gd reverses at a longer 
timescale due to the inter-sublattice exchange. he exchange-driven 
relaxation of the system from the strongly non-equilibrium state to 
a partial equilibrium will stimulate the reversal of the total magneti-
zation of the material. Following this, the system evolves from this 
partial equilibrium to the complete equilibrium during the times-
cale of interactions of relativistic origin. he non-equivalence of 
the sublattices and their corresponding diferent demagnetization 
times are essential for the process presented here. To demonstrate 
the importance of the sublattice non-equivalence at this stage of the 
reversal process, we performed numerical simulations making the 
local moments on each site equal. No reversal occurs in this case 
(Supplementary Fig. S4).
he novel magnetization reversal mechanism that we have 
presented is expected to be typical for magnets with at least two 
non-equivalent magnetic sublattices coupled by an antiferromag-
netic exchange interaction. Even though the two sublattices are 
exchange coupled, they still demagnetize at diferent rates as in their 
pure ferromagnetic form17,18. his non-equivalence of the sublat-
tices is essential for the reversal, requiring diferent rates of demag-
netization in each sublattice. he mechanism does not require the 
presence of any other stimulus and occurs each time a laser pulse 
excites the magnetic sublattices of a ferrimagnet. his mechanism of 
magnetization reversal is demonstrated experimentally with start-
ing temperatures above and below the magnetization compensation 
temperature in GdFeCo continuous ilms and also for microstruc-
tures with in-plane and out-of-plane magnetic anisotropy. Also 
relevant for technological applications, we have shown numerically 
and experimentally that switching can occur when the sample is at 
room temperature before laser excitation. One can therefore imag-
ine a magnetic recording system with magnetic bits recorded using 
a thermal pulse alone, removing the necessity for the inductive write 
head, which presently forms a serious limitation on recording densi-
ties. Because the simulations were carried out on ~30 nm3 systems, 
we see no reason why this material or others like it could not be 
used for recording media on the nanometre scale, the requirement 
for high-density recording. he results presented here may allow 
both higher recording densities as well as increased data rates, as the 
recording of a bit could be achieved on a timescale of picoseconds 
rather than the current nanoseconds.
Methods
Atomistic modelling. he localized atomistic model of GdFe is parameterized on 
experimental observations, with the essential parameters itted accordingly19. It 
is seen experimentally that Gd and Fe form two sublattices that are aligned anti-
parallel in the ground state. his means that we have antiferromagnetic exchange 
between the Fe and Gd and that the intra-sublattice exchange parameters are 
ferromagnetic. he energetics of any spin in the system, i are described by the 
Hamiltonian.  
E J di ij i j
j
N
z i= − −
=
∑ S Si
1
2S ,
Where Jij is the exchange integral between spins, i and j (i,j are lattice sites) giving 
rise to magnetic order on the system; Si is the normalized spin vector |Si| = 1; d, is 
the uniaxial anisotropy constant; N is the number of nearest neighbours. We model 
the magnetization dynamics of the system through the use of the Landau–Lifs-
hitz–Gilbert equation20 with Langevin dynamics, given by;  
∂
∂ = − + × + ×
S
S H S Hi i
i i
i i i i i
t
g
l l( ) [ ( )].1 2 µ
Here λi and γi are the microscopic thermal bath coupling parameter and the gyro-
magnetic ratio, respectively; µi is the magnetic moment of the site, i. he efective 
ield Hi, is then given by:  
(1)
(2)
H
S
i i
i
i
t
E= −∂∂( ) .
 Here Ϛi (t) is a stochastic term, which describes the coupling of the spin system 
to the external thermal bath. he thermal luctuations are included as a white noise 
term, uncorrelated in time and space, which is added into the efective ield. he 
stochastic integrals are interpreted as Stratonovich integrals21. he moments of the 
stochastic process are deined through luctuation dissipation theory as:  
i
a
j
b
ij ab
i i B
i
t t t t
k T
( ) ( ) ( )= −′2d d lg
µ
i
a t( ) .=0
Here a,b are Cartesian components; T is the temperature of the thermal bath 
to which the spins are coupled. he coupling of the spins to the thermal bath (λi) 
is a parameter that attempts to describe all of the energy and momentum transfer 
channels into the spin system, for example, from the conduction electrons.
To model the alloys amorphous character, we randomly pick Fe sites and 
replace them with Gd impurities19. he composition for all of the numerical 
simulations, presented in this manuscript, is Fe76Gd24. For each of the Fe and Gd 
spins, we write a Landau–Lifshitz–Gilbert equation (~106 equations in total) and 
solve it using the Heun numerical integration scheme. he exchange constants, 
anisotropy constants and the gyromagnetic ratio of the sublattices for the modelled 
Heisenberg Gd–Fe magnet were taken similar to those used in ref. 9. hey were 
JFe − Fe = 2.835×10
 − 21 J, JGd − Gd = 1.26×10
 − 21 J (corresponding to the Curie tem-
perature of bulk Gd) and JFe − Gd =  − 1.09×10
 − 21 J. he gyromagnetic ratios of the Gd 
and Fe sublattices were set to γFe = 1.05γ and γGd = γ, with γ = 1.76×1011 T − 1 S − 1. 
Following ref. 10, we couple the spin system to the electron temperature that is 
calculated using the so-called two-temperature model12. For simplicity, the model 
assumes the same electron temperature and the same damping constants for Gd 
and Fe (λFe = λGd = 0.01). In the atomistic model, we have ignored the role of the 
Cobalt as XMCD measurements show that the Fe and Co are coupled ferromag-
netically. Experimentally Cobalt is added to improve the Faraday signal.
Field required to prevent reversal. We performed numerical calculations, 
whereby, throughout this particular calculation, a ield is applied to prevent the 
formation of the transient ferromagnetic-like state reported in this type of  
material9. To achieve this, we augmented equation (1) with the Zeeman term, µiB 
where B is the applied ield. In these simulations, starting at a temperature of 0 K, 
the electronic temperature is increased through the magnetization compensation 
temperature TM = 250 K up to a peak before dropping down to the inal tempera-
ture at around 350 K. At this temperature, the Fe sublattice has the largest magneti-
zation. To prevent its reorientation, we applied a magnetic ield in the direction 
initially aligned with the Fe sublattice.
he pulse is assumed to be Gaussian in time and space in the numerical simula-
tions. Starting from 0 K, the Gaussian thermal pulse is coupled to the electronic 
temperature through the two-temperature model12.
he ield strength, required to prevent reversal of the Fe sublattice, is dependent 
on the measurement time window, as the system will start to precess to align with 
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Figure 5 | Numerical calculations showing the magnetic field required 
to prevent reversal of the Fe sublattice. The required field depends 
on the time at which the magnetization is measured as precessional 
reversal starts to push the magnetization back into alignment with the 
applied field. Each point is averaged over 100 runs, each with a different 
seed for the random number generator, for the placing of the Fe and Gd 
moments and for the thermal term. Each run begins at 0 K and with the 
electronic temperature increasing rapidly before dropping below the Curie 
temperature.
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the ield. As a limiting case, we can consider the timescale of the order of 1 ns, 
which is a characteristic time for the precessional reversal. At this timescale, the 
ield required to prevent reversal is equal to the intrinsic anisotropy of the system. 
Figure 5 shows the ield required to prevent reversal when the magnetization is 
taken at 1, 2, 5 and 10 ps. It can be seen that a ield of around 40 Tesla is required to 
prevent the Fe magnetization from reversing into the Gd direction  
(that is, the transient ferromagnetic-like state) at a delay of 1 ps. Depending on 
the time at which the measurement is made, the ield required to prevent reversal 
changes. Numerical simulations also show that the ield required to prevent 
reversal depends on the input parameters, for example, the coupling parameter 
(λi), as described by equation (4).
Sample preparation of microstructures. he structures are produced via a lit-of 
technique22. A polymethylmethacrylate resist is irst patterned with an electron 
beam writer on a glass/Ti(2 nm)/Pt(8 nm) substrate. his pattern is then transferred 
via lit-of ater deposition by magnetron sputtering of the magnetic multilayer 
AlTi(10 nm)/Si3N4(5 nm)/Gd24Fe66.6Co9.4(20 nm)/Si3N4(3 nm), resulting  
in isolated magnetic structures23. Unstructured areas of several 100 µm, quasi-
continuous ilms, and arrays of squares and disks down to 1 µm were fabricated 
onto the same sample. In the manuscript, we focus only on the 2 µm disks, but 
the reversal of the magnetization direction, ater applying a single laser pulse, was 
observed in the continuous ilm part as well as in the structures down to 1 µm.
PEEM measurements. he magnetization direction in these microstructures was 
measured with a PEEM from Elmitec GmbH at the SIM beamline24 of the Swiss 
Light Source at the Paul Scherrer Institut (PSI) employing the XMCD efect. An 
XMCD image is obtained by taking the ratio of two total electron yield images 
measured with opposite helicities at resonant energies, and the resulting contrast 
is proportional to the scalar product of the local magnetization and the incoming 
X-ray wave vectors25, that is, the more parallel the magnetization is to the X-ray 
wave vector, the brighter the contrast. As the incident angle of the X-rays is 16°, 
with respect to the surface, a magnetization in the plane of the sample surface has 
a stronger contrast compared with a magnetization pointing out of the surface 
plane, and an azimuthal-dependent XMCD study enables the determination of a 
three-dimensional (3D) map of the local magnetization26. Such a study allows us 
to conirm whether the magnetization is in-plane or out-of-plane. he elemental 
selectivity of XMCD allows the determination of the magnetization direction of 
the two ferromagnetic sublattices. For the 3d metal sublattice, the X-rays are tuned 
to the Fe L3 edge (708 eV) and for the 4f sublattice to the Gd M5 edge (1190 eV). 
hese measurements conirmed the antiparallel coupling between the Fe and 
Gd sublattices. he spatial resolution in the XMCD images is about 100 nm. he 
structures in Figure 4 are not exactly round because of a small misalignment of 
the imaging stigmators and some imperfections during the sample production. 
he contrast at the outer rim of the structures indicates small areas with a diferent 
magnetization direction compared with the centre part.
For the laser excitation, an XL-500 oscillator from FEMTOLASERS GmbH, 
producing 50 fs laser pulses, at 5.2 MHz repetition rate, was used. he laser power 
required for switching the magnetization was set using a half wave plate in com-
bination with a polarizer. Single pulses are selected by a pulse-picker and the laser 
impinges onto the sample with 16° grazing incidence. 
References
1. Stöhr, J. & Siegmann, H. C. Magnetism: from Fundamentals to Nanoscale 
Dynamics (Springer, 2006).
2. Spaldin, N. A. & Fiebig, M. he Renaissance of magneto-electric multiferroics. 
Science 309, 391–392 (2005).
3. Gamble, S. J. et al. Electric ield induced magnetic anisotropy in a ferromagnet. 
Phys. Rev. Lett. 102, 217201 (2009).
4. Kryder, M. H. et al. Heat assisted magnetic recording. Proc. IEEE 96, 11 (2008).
5. Challener, W. A. et al. Heat-assisted magnetic recording by a near-ield 
transducer with eicient optical energy transfer. Nature Photon. 3, 220–224 
(2009).
6. Aeschlimann, M., Vaterlaus, A., Lutz, M., Stampanoni, M. & Maier, F. Ultrafast 
thermomagnetic writing processes in rare-earth transition-metal thin ilms.  
J. Appl. Phys. 67, 4438–4440 (1990).
7. Stanciu, C. D. et al. Sub-picosecond magnetization reversal across 
ferrimagnetic compensation points. Phys. Rev. Lett. 99, 217204 (2007).
8. Tsukamoto, A., Sato, T., Toriumi, S. & Itoh, A. Precessional switching by 
ultrashort pulse laser: beyond room temperature ferromagnetic resonance 
limit. J. Appl. Phys. 109, 07D302 (2011).
9. Radu, I. et al. Transient ferromagnetic-like state mediating ultrafast reversal of 
antiferromagnetically coupled spins. Nature 472, 205–208 (2011).
10. Kazantseva, N., Nowak, U., Chantrell, R. W., Hohfeld, J. & And Rebei, A. Slow 
recovery of the magnetisation ater a sub-picosecond heat pulse. Europhys. Lett. 
81, 27004 (2008).
11. Atxitia, U. et al. Micromagnetic modeling of laser-induced magnetization 
dynamics using the Landau-Lifshitz-Bloch equation. Appl. Phys. Lett. 91, 
232507 (2007).
12. Chen, J. K., Tzou, D. Y. & Beraun, J. E. A semi-classical two-temperature model 
for ultrafast laser heating. Int. J. Heat Mass Tran. 49, 307–316 (2006).
13. Vahaplar, K. et al. Ultrafast path for optical magnetization reversal via a 
strongly non-equilibrium state. Phys. Rev. Lett. 103, 117201 (2009).
14. Kimel, A. V. et al. Ultrafast non-thermal control of magnetization of 
instantaneous photomagnetic pulses. Nature 435, 655–657 (2005).
15. Shieh, H. D. & Kryder, M. H. Magneto-optic recording materials with direct 
overwrite capability. Appl. Phys. Lett. 49, 473–474 (1986).
16. Bar’yakhtar, V. G. Phenomenological description of relaxation processes in 
magnetic materials. Sov. Phys. JETP 60, 863–867 (1984).
17. Koopmans, B. et al. Explaining the paradoxical diversity of ultrafast  
laser-induced demagnetization. Nature Mater. 9, 259–265 (2010).
18. Wietstruk, M. et al. Hot-electron-driven enhancement of spin-lattice coupling 
in Gd and Tb 4f ferromagnets observed by Femtosecond X-ray magnetic 
circular dichroism. Phys. Rev. Lett. 106, 127401 (2011).
19. Ostler, T. A. et al. Study of crystallographically amorphous ferrimagnetic alloys: 
comparing a localized atomistic spin model with experiments. Phys. Rev. B 84, 
024407 (2011).
20. Gilbert, T. L. A Lagrangian formulation of gyromagnetic equation of the 
magnetization ield. Phys. Rev. 100, 1243 (1955).
21. Garcia-Palacios & Lázaro, F. J. Langevin-dynamics study of the dynamical 
properties of small magnetic particles. Phys. Rev. B 58, 14937–14958 (1998).
22. Tseng, A. A., Chen, C. D., & Ma, K. J. Electron Beam Lithography in nanoscale 
fabrication: recent development. IEEE Trans. Electr. Packaging Manuf. 26, 141 
(2003).
23. Le Guyader, L. et al. Nanostructuring of GdFeCo thin ilms for laser induced 
magnetization switching. J. Magn. Soc. Jpn (in the press).
24. Flechsig, U. et al. Performance Measurements at the SLS SIM Beamline. AIP 
Conf. Proc 1234, 319 (2010).
25. Scholl, A., Ohldag, H., Nolting, F., Stöhr, J. & Padmore, H. A. X-ray 
photoemission electron microscopy, a tool for the investigation of complex 
magnetic structures (invited). Rev. Sci. Instrum. 73, 1362 (2002).
26. Rodriguez, A. F. et al. Size-dependent spin structures in Iron nanoparticles. 
Phys. Rev. Lett. 104, 127201 (2010).
Acknowledgements
We thank Prof. V. G. Baryakhtar and Dr I. Radu for fruitful discussions. Part of this 
work was performed at the SIM beamline of the Swiss Light Source, Paul Scherrer 
Institut, Villigen, Switzerland. We thank A. Weber, M. Horisberger, A. Steger and J. 
Honegger at PSI, for their support. his work was partially supported by de Nederlandse 
Organisatie voor Wetenschappelijk Onderzoek (NWO), NanoSci-E +  program, 
Foundation for Fundamental Research (FOM) and the Technology Foundation (STW), 
the Russian Foundation for Basic Research (RFBR) Grant No. 10-02-01008-a, NASU 
grant numbers 228-11 and 227-11, the European Community’s Seventh Framework 
Programme (FP7/2007-2013) Grants No. NMP3-SL-2008-214469 (UltraMagnetron) 
and No. 214810 (FANTOMAS), Spanish MICINN project FIS2010-20979-C02-02, as 
well as the European Research Council under the European Union’s Seventh Framework 
Programme (FP7/2007- 2013)/ ERC Grant agreement No 257280 (Femtomagnetism). 
We also thank Nihon University Strategic Projects for Academic Research.
Author contributions
A.V.K., A.K., T.R., T.A.O. and R.W.C. coordinated the project. T.A.O., J.B., R.F.L.E., 
R.W.C., U.A. and O.C.-F. developed the numerical model of GdFe. S.E.M., L.L.G., E.M.,  
L.J.H. and F.N. performed structuring of the samples and the measurements on the 
microstructures. A.T. and A.I. grew and optimized samples. A.M.K. and K.V. performed 
the measurements on the GdFeCo thin ilms. J.M., D.A. and B.A.I. were involved 
in discussions, critical assessment and analysis of the experimental results, using 
phenomenological theory of spin relaxation. All the authors contributed to the writing  
of the manuscript.
Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications
Competing inancial interests: he authors declare no competing inancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Ostler, T.A. et al. Ultrafast heating as a suicient stimulus for 
magnetization reversal in a ferrimagnet. Nat. Commun. 3:666 doi: 10.1038/ncomms1666 
(2012).
